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Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is
a potential anticancer drug that selectively induces apoptosis in a
variety of cancer cells by interacting with death receptors DR4 and
DR5. TRAIL can also bind to decoy receptors (DcR1, DcR2, and
osteoprotegerin receptor) that cannot induce apoptosis. The oc-
currence of DR5-responsive tumor cells indicates that a DR5
receptor-specific TRAIL variant will permit tumor-selective thera-
pies. By using the automatic design algorithm FOLD-X, we success-
fully generated DR5-selective TRAIL variants. These variants do not
induce apoptosis in DR4-responsive cell lines but show a large
increase in biological activity in DR5-responsive cancer cell lines.
Even wild-type TRAIL-insensitive ovarian cancer cell lines could be
brought into apoptosis. In addition, our results demonstrate that
there is no requirement for antibody-mediated cross-linking or
membrane-bound TRAIL to induce apoptosis through DR5.
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Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) is currently attracting great interest as a potential

anticancer therapeutic. TRAIL, in its soluble form, selectively
induces apoptosis in tumor cells in vitro and in vivo by a death
receptor-mediated process. Unlike other apoptosis-inducing TNF
family members, soluble TRAIL appears to be inactive against
normal healthy tissue (1). Reports in which TRAIL induces apo-
ptosis in normal cells could be attributed to the specific prepara-
tions of TRAIL used (2). TRAIL shows a high degree of promis-
cuity as it binds to five cognate receptors: DR4 (TRAIL-R1) and
DR5 (TRAIL-R2) and the decoy receptors DcR1 (TRAIL-R3),
DcR2 (TRAIL-R4), and osteoprotegerin (OPG) (3). Upon binding
to TRAIL, DR4 and DR5 receptors recruit Fas-associated death
domain, which binds and activates the initiator caspase 8, leading to
apoptosis (4–6). DcR1 or DcR2 do not contain a death domain or
a truncated death domain, respectively, and therefore could prevent
apoptosis by sequestering available TRAIL or by interfering in the
formation of a TRAIL–DR4 or –DR5 signaling complex (7).

Use of TRAIL receptor-selective variants could permit better
tumor-specific therapies through escape from the decoy
receptor-mediated antagonism, resulting in a lower administrated
dose with possibly fewer side effects and as alternatives to existing
agonistic receptor antibodies (8–10). In experimental anticancer
treatments, the receptors DR4 and�or DR5 were shown to be
up-regulated after treatment with DNA-damaging chemotherapeu-
tic drugs, and the response to TRAIL-induced apoptosis was
significantly increased (3, 11). In addition, irradiation appears to
specifically up-regulate DR5 receptor expression, and the combi-
nation of irradiation and TRAIL treatment has been demonstrated
to have an additive or synergistic effect (12). Thus, we chose to
develop DR5 receptor-selective TRAIL variants by using a com-
putational design strategy. Computational design methods have
been successfully used to redesign several protein–protein interac-

tions (13–16) but have, as yet, hardly been applied to therapeutic
proteins. One exception is the design of dominant negative TNF-�
variants that prevent formation of active TNF-� trimers (17). By
using the automatic design algorithm FOLD-X (18–20), we were
able to redesign TRAIL into exclusively DR5-specific agonistic
variants. Because the computational method used in our study is
based on general applicable principles and has been successfully
tested on a variety of proteins (14, 19, 21–23), our method can be
further applied to design other protein therapeutics with reduced
promiscuity and improved receptor-binding characteristics.

Results
Modeling of TRAIL–Receptor Complexes. Monomeric subunits of
TRAIL self-associate in bell-shaped homotrimers, the bioactive
form of the ligand, like other members of the TNF ligand family (24,
25). A trimer binds three subunits of a cognate receptor, with each
receptor subunit bound in the grooves between two adjacent
monomer ligand subunits (26, 27). At present, only crystal struc-
tures of TRAIL in complex with the DR5 receptor are known
(26–28). The sequence alignment of the different TRAIL receptors
shows a large overall sequence identity (except for OPG), practi-
cally no insertions or deletions, and conservation of all cysteines
involved in the formation of internal disulfide bridges (Fig. 5A,
which is published as supporting information on the PNAS web
site). Consequently, good quality homology models of DR4, DcR1,
and DcR2, but not of OPG, could be built. The homology models
were built by using the WHAT IF web interface (29). Afterward, these
models were refined by using the protein design options of
FOLD-X, removing incorrect side-chain torsion angles, eliminating
van der Waals clashes, and accommodating TRAIL and receptor
residues to their new interface.

The accuracy of the models and the force field was tested by using
the data derived from the alanine scanning of wild-type TRAIL as
performed by Hymowitz et al. (30). The predictions of the energy
change in the complex formation correlates with the changes in the
dissociation constants measured (Fig. 1). The calculated R2 factor
is 0.6 (R2 factors calculated for DR4 and DR5 individually also
amount to 0.6). However, several factors involved in accuracy
should be taken into account. The methodology used focuses on
energy changes in ligand–receptor complex formation. Some mu-
tations to alanine might be predicted not to change receptor-

Conflict of interest statement: No conflicts declared.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: OPG, osteoprotegerin; SPR, surface plasmon resonance; TNF, tumor necrosis
factor; TRAIL, TNF-related apoptosis-inducing ligand.

†A.M.v.d.S. and V.T. contributed equally to this paper.

¶Present address: Nijmegen Centre for Molecular Life Sciences, Radboud University Nijme-
gen Medical Centre, 6525 GA, Nijmegen, The Netherlands.

�To whom correspondence should be addressed. E-mail: w.j.quax@rug.nl.

© 2006 by The National Academy of Sciences of the USA

8634–8639 � PNAS � June 6, 2006 � vol. 103 � no. 23 www.pnas.org�cgi�doi�10.1073�pnas.0510187103



binding affinity but only to produce slight changes in TRAIL
stability, thereby affecting the correlation. The prediction error is,
on average, within the error of this methodology (0.6–0.7 kcal�mol)
(1 kcal � 4.18 kJ). Because many changes in affinity, as measured
in the alanine scanning, are within this error, it is not possible to
obtain a better correlation. Taken together, these data imply that
our method can reliably predict mutations in the receptor-binding
interface that will severely affect the complex formation.

Computational Design of the Variants. For the computational screen-
ing, all residues from the TRAIL interface were considered.
TRAIL residues interacting with a conserved amino acid environ-
ment in all four receptors were disregarded. Amino acids finally
considered were as follows: Arg-130, Gly-131, Arg-132, Lys-145,
Leu-147, Gly-148, Arg-149, Lys-150, Glu-155, Arg-158, Gly-160,
His-161, Tyr-189, Arg-191, Phe-192, Gln-193, Glu-195, Asn-199,
Thr-200, Lys-201, Asp-203, Gln-205, Val-207, Gln-208, Tyr-209,
Thr-214, Asp-218, Asp-234, Glu-236, His-264, Ile-266, Asp-267, and
Asp-269. Tyr-216 was included as a positive control because of its
already-known implication in receptor binding (26, 27), and Ser-
165, located far away from the receptor-binding interface, was used
as a negative control (Fig. 5B). At each of the selected positions,
FOLD-X placed the 20 natural amino acids while moving the
neighboring residues, obtaining a total library of 2,720 models (34
amino acid positions � 20 amino acids � 4 receptors). The energy
of interaction was obtained by calculating the sum of the individual
energies of the receptor and ligand subunits and subtracting them
from the global energy of the complex. In this way, a set of predicted
energetic values for the complex formation was obtained and
compared with the wild-type TRAIL values. After studying these
values together with visual inspection of the mutant models, those
variants in which a change in selectivity was predicted were selected
for experimental studies (Table 1).

Prescreen for Selective Receptor Binding. A fast surface plasmon
resonance (SPR)-based receptor-binding prescreen was used to
further refine the in silico selection. TRAIL-variant cell extracts
were evaluated for binding to DR4-, DR5-, and DcR1-immobilized
Ig fusion proteins. The ratios of binding to DR4 and DcR1
receptors with respect to the DR5 receptor were calculated and
compared with the ratio obtained for wild-type TRAIL. An
increase in the DR5�DR4 binding ratio of �25% relative to the
ratio of wild-type TRAIL was set as indicative of DR5 selectivity.
Several variants comprising a substitution (His, Lys, or Arg) at

position Asp-269 and variants with double mutation D269H�
E195R and D269H�T214R with reduced binding to the DR4
receptor and increased binding to the DR5 receptor were chosen
for further analysis. R191E�D267R, R130E, G160M, I220M, and
E195R were also selected, because they also showed an increased
DR5�DR4 binding ratio. The effects, however, were smaller than
that of the Asp-269 variants (data not shown).

Determination of Receptor Binding. Selected TRAIL variants were
purified as described in ref. 22. Analytical size-exclusion chroma-
tography and dynamic light scattering confirmed that the purified
TRAIL variants were in a trimeric state and that higher order
oligomeric species or aggregates were absent (data not show).
Binding of the purified variants to the immobilized DR4-, DR5-,
DcR1-, or DcR2-Ig receptor was assessed in real time by using SPR.
The TRAIL proteins were initially analyzed at two concentrations
(30 and 60 nM). TRAIL variants R191E�D267R and G160M
showed stability and folding problems and were therefore dis-
carded. Binding curves of variants showing a significant change in
the ratio of DR5�DR4 binding were subsequently recorded for
concentrations ranging from 0.1 to 250 nM. The D269H�T214R
variant had an improvement comparable with the D269H single
mutant variant in DR5-Ig binding, however no detectable binding
to DR4-Ig was found (Fig. 2 A and B). Apparent Kd values for DR5
binding ranged from 0.6 (D269H�E195R) to 2.5 nM (TRAIL) and
from 7.2 (TRAIL) to 244 nM (D269H) for DR4 binding. For
D269H�T214R, D269K, and D269R, a proper apparent Kd for DR4
binding could not be determined. Binding of D269H and D269H�
E195R toward the decoy DcR1-Ig receptor was �20-fold reduced
when compared with wild-type TRAIL. Up to the highest concen-
tration tested (250 nM), D269H�T214R did not show any observ-
able binding to DcR1-Ig (Fig. 6A, which is published as supporting
information on the PNAS web site). D269H and D269H�E195R
also showed reduced binding to DcR2-Ig; however, this reduction
was much less pronounced than the reduction observed in DcR1
binding. In contrast, D269H�T214R showed a large decrease in
binding to DcR2-Ig relative to wild-type TRAIL (Fig. 6B). Binding
to OPG-Ig was also reduced for these three DR5-selective variants,
with D269H�E195R showing the largest decrease in binding to this
receptor (Fig. 6C). A competition ELISA experiment measuring
the binding of TRAIL or variants toward immobilized DR5-Ig in
the presence of soluble DR4-, DR5-, or DcR1-Ig corroborated the
findings of the receptor-binding experiment. Whereas TRAIL
binding to immobilized DR5-Ig could be competed by soluble
DR4-, DR5-, and DcR1-Ig, binding of the variants could only be
antagonized by soluble DR5-Ig (Fig. 7, which is published as
supporting information on the PNAS web site).

Comparison Between Predictions and Experimentally Obtained Re-
sults. To calculate the correlation between the predicted and
experimentally obtained results of our DR5-selective variants, the

Fig. 1. Correlation of the predicted changes in binding affinity toward DR4
and DR5 compared with the experimental results of an alanine scanning
performed by Hymowitz et al. (30) (open circles) and of the DR5-selective
TRAIL variants (closed circles).

Table 1. Predicted difference in binding energy (��G) of
DR5-selective variants binding to different receptors when
compared with wild-type TRAIL

Mutations DR4 DR5 DcR1 DcR2

R130E 0.75 �0.2 1.76 1.52
G160M �1.11 �1.52 �0.18 �0.65
E195R 0.11 �1.11 0.2 �0.79
T214R 1.85 �0.17 1.94 1.89
D269H 3.52 �1.6 3.78 4.43
D269R 1.95 �1.95 2.45 3.28
D269K 2.43 �1 2.94 3.71

Variants comprising these mutations were selected in the prescreen assay
from an initial set of 10 design proposals. Change in energy is measured in
kcal�mol and applies to the change of a single binding interface bound to a
single receptor.
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calculated ��G values for DR4 and DR5 binding (Table 1) were
compared with the ��G values that stem from the experimentally
determined apparent Kd values (see above). The calculated R2

factor between these predicted and experimental ��G values is 0.9.
Adding these values to the alanine scan data set improved the
overall calculated R2 from 0.6 to 0.7 (Fig. 1).

Biological Activity. To assess the biological activity related to DR5
binding, various cancer cells were used. Colo205 colon carcinoma
cells and ML-1 chronic myeloid leukemia cells express all four
TRAIL receptors on the cell surface, as shown by using FACS
analysis, (Fig. 8, which is published as supporting information on the
PNAS web site), and are sensitive to TRAIL-induced apoptosis. To
test the involvement of DR4 versus DR5 in TRAIL-induced cell

death, Colo205 cells were treated with neutralizing anti-DR4 or
anti-DR5 antibody for 1 h before the addition of TRAIL. Both
antibodies reduced TRAIL-mediated cell death and had an addi-
tive effect when used in combination (Fig. 3A). However, the
DR5-neutralizing antibody was �3 times more effective than the
DR4-neutralizing antibody, demonstrating that TRAIL-induced
apoptosis in Colo205 cells is primarily mediated by DR5. In
contrast, the DR4 pathway is the major mediator of TRAIL-
induced apoptosis in ML-1 cells (Fig. 3A). To examine whether the
DR5-specific TRAIL variants induce cell death in Colo205 cells by
way of the DR5 receptor, 1 �g�ml neutralizing anti-DR4 or -DR5
antibodies were administered 1 h before ligand treatment. The
presence of the anti-DR4 antibody failed to prevent death induced
by the DR5-specific variants. However, 1 �g�ml anti-DR5 antibody
significantly reduced the amount cell death (Fig. 3B).

Fig. 2. Receptor binding of TRAIL and DR5-selective variants toward DR5-Ig as determined by SPR (A) or toward DR4-Ig (B). Receptor binding is calculated
relative to the response of TRAIL at 250 nM.

Fig. 3. Biological activity of TRAIL and DR5-selective variants. (A) Apoptosis-inducing activity of 100 ng�ml TRAIL in the presence of 1 �g�ml DR4 (aDR4), DR5
(aDR5), or DR4 and DR5 (�aDR4�aDR5) receptor-neutralizing antibodies in Colo205 and ML-1 cells. (B) Apoptosis-inducing activity in Colo205 cells of 100 ng�ml
TRAIL or DR5-selective variants without the presence of neutralizing DR4 or DR5 antibodies (no AB) or in the presence of neutralizing antibody [aDR4, aDR5,
or both (aDR4 aDR5)]. Shown is the cytotoxic potential (% cell death) of TRAIL or DR5-selective variants in Colo205 (C), ML-1 (D), and A2780 (E) and of 1, 10, or
100 ng�ml TRAIL (WT) or D269H�E195R (DE) relative to cycloheximide control (0.33 �g�ml) in BJAB cells responsive to both DR4- and DR5-mediated cell death
(BJABwt), BJAB cells deficient for DR5 (BJABDR5 DEF), and BJAB cells deficient for DR5 stably transfected with DR5 (BJABDR5 DEF�DR5) (F) (31).

8636 � www.pnas.org�cgi�doi�10.1073�pnas.0510187103 van der Sloot et al.



Colo205 and ML-1 cells were then treated with increasing
concentrations of TRAIL or the DR5-specific variants D269H,
D269H�E195R, and D269H�T214R, and their cytotoxic poten-
tial was measured with a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. In Colo205 cells, all
TRAIL ligands were biologically active and induced cell death
at levels that were either comparable with that of wild-type
TRAIL or were up to 5-fold more active than wild-type TRAIL
(Fig. 3C and Table 2). Contrary to Colo205 cells, only TRAIL
was able to induce cell death in ML-1 cells (Fig. 3D). Similar
results were obtained by using EM-2 chronic myeloid leukemia
cells expressing only the DR4 receptor and lacking the DR5
receptor and by using the ovarian cancer cell line A2780, which
expresses DR5 but lacks DR4 on its surface and is relatively
insensitive toward TRAIL-induced cell death (S. de Jong, per-
sonal communication). Although EM-2 cells were sensitive to
TRAIL-induced cell death (50 ng�ml TRAIL initiating �80%
cell death), treatment with any of the DR5 mutants failed to
induce significant cell death (Fig. 9, which is published as
supporting information on the PNAS web site). In A2780 cells,
however, the cytotoxic activity of D269H, D269H�E195R, and
D269H�T214R is significantly increased, showing both an in-
creased maximum response and drastically decreased EC50
values when compared with wild-type TRAIL (Fig. 3E and Table
2). An additional experiment using D269H�E195R in wild-type
BJAB cells responsive to both DR4- and DR5-mediated cell
death (BJABwt), BJAB cells deficient in DR5 (BJABDR5 DEF),
and BJAB cells deficient in DR5 and stably transfected with
DR5 (BJABDR5 DEF�DR5) (31) confirm our findings. D269H�
E195R was able to induce cell death in BJABwt cells but was
unable to induce significant cell death in BJABDR5 DEF cells
when compared with wild-type TRAIL. In the DR5 transfected
BJABDR5 DEF�DR5 cells, however, the cytotoxic potential was
restored (Fig. 3F). The cytotoxic effects of these TRAIL variants
on noncancerous human umbilical vein endothelial cells was
assessed by incubating these cells in the presence of 100 ng�ml
TRAIL or TRAIL variants. However, no cytotoxic effects were
observed for TRAIL and the receptor-selective TRAIL variants
(data not shown). Taken together, the results obtained with the
Colo205, ML-1, A2780, and BJAB cell lines show that the
biological activity of the D269H, D269H�E195R, and D269H�
T214R variants is specifically directed toward the DR5 receptor.

Discussion
Because the DR5 receptor is a good target for TRAIL cancer
therapy (see the Introduction), we choose to develop DR5 receptor-
selective variants of TRAIL by using a computational design
strategy.

Structural Basis for the Changes in Selectivity. This study shows that
residue 269 is one of the most important residues for DR5 selec-
tivity. From the crystal structure of TRAIL in complex with DR5,
it can be observed that this amino acid is not interacting directly
with the receptor. Studying the models of TRAIL in complex with
the other three receptors reveals that Asp-269 from TRAIL is

interacting with Lys-120 from the receptor. This lysine residue is
conserved among the DR4, DcR1, and DcR2 receptors. In contrast,
DR5 has an aspartate at this position (Fig. 4 A and B and Fig. 5A).

Changing this amino acid to another with opposite charge shows
two cumulative effects. On one hand, breaking the Asp-269–Lys-
120 interaction in the complex between TRAIL and receptors
DR4, DcR1, and DcR2 would decrease TRAIL affinity toward
them; furthermore, Lys-120 has little space for reaccommodation,
and this may even introduce some van der Waals clashes in the area.
On the other hand, Asp-120 from the DR5 receptor may interact
with the protonated His-269 of TRAIL, improving binding toward
this receptor. In summary, this combination of effects explains why
a single mutation alone can greatly change the selectivity toward
DR5, resulting in better binding to the DR5 receptor and a
substantial decrease in binding toward the other receptors. Residue
214 is also important for achieving DR5 selectivity. For the T214R
mutation, FOLD-X predicts a decrease in binding affinity for all
receptors except DR5 (Table 1). This decrease is due to the
presence of a phenylalanine at position 111 in DR4 and a proline
in DcR1 and DcR2, which prevent proper accommodation of
Arg-214 upon complex formation. As a result, the arginine displaces
Asp-254 and breaking intramolecular H bonds. In DR5, a leucine
at position 111 allows accommodation of Arg-214 without displace-
ment of Asp-254 (Fig. 4 C and D). An additive effect of mutations
toward selectivity can be expected in the cases in which the positions
of the mutations are far enough away from each other that they
cannot make any unpredictable interaction, e.g., mutations D269H
and T214R.

Selective Binding to Different Receptors. Receptor-binding experi-
ments using SPR and competition ELISA experiments confirmed
the modeling predictions. Variants D269H, D269H�E195R,
D269K, and D269R are between 70- to 150-fold more selective for
the DR5 receptor than for the DR4 receptor when compared with
wild-type TRAIL. The D269H�T214R variant showed no binding
to the DR4 receptor at the highest concentration used in the assay
(250 nM). The dissociation rates of TRAIL and the DR5-selective
variants in complex with the DR5 and DR4 receptor were, however,
too slow to measure accurately by using SPR, thereby precluding
the accurate determination of affinity constants. In the competition

Table 2. EC50 values of Colo205 and A2780 cells

Ligand

Colo205 A2780

EC50,
ng�ml

Max effect,
% cell death

EC50,
ng�ml

Max effect,
% cell death

TRAIL 8.6 � 0.9 78 � 8 15.6 � 3 41 � 3
D269H 1.8 � 0.5 80 � 4 4.7 � 0 70 � 5
D269H E195R 1.5 � 0.4 80 � 6 4.2 � 1 69 � 2
D269H T214R 5.1 � 2.6 66 � 9 12.1 � 4 66 � 11

Results are expressed as � SD.

Fig. 4. Area of interaction of TRAIL and DR4�DR5 receptor around position
269 [TRAIL (A) and D269H variant (B)] and around position 214 [TRAIL(C) and
T214R variant(D)]. Red ribbons indicate a receptor, and blue ribbons indicate
TRAIL. Residues in DR5 complexes are in dark green, and residues in DR4
complexes are in light green. Arg 191 and Asp 267 are key TRAIL amino acids
for DR5 receptor binding in the corresponding binding pocket of the receptor,
as observed in the crystal structure of TRAIL in complex with DR5.
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ELISA experiment, DR4 was unable to compete with immobilized
DR5 for the binding to these designed selective variants, demon-
strating that, in the presence of both DR4 and DR5, these variants
are markedly more selective toward DR5. The net gain in DR5
selectivity of these variants is the sum of both an increased
preference for the DR5 receptor and a reduced preference for the
DR4 receptor, exemplifying both positive and negative design
principles (15).

Binding of the D269H and D269H�E195R variants to the decoy
DcR1 receptor was �20-fold reduced when compared with wild-
type TRAIL. The D269H�T214R variant showed no binding to the
DcR1 receptor at the highest concentration used in the assay (250
nM). Although binding of the D269H and D269H�E195R variants
toward the decoy DcR2 receptor was reduced, the effect was much
less pronounced when compared with the reduction in binding as
observed with the other receptors. The different environment of
Lys-120 in receptor DcR2 when compared with DR4 and DcR1
could explain why the decrease in affinity is smaller in this case in
contrast to our predictions. However, the D269H�T214R variant
showed an �80% decrease in receptor binding to the DcR2
receptor when compared with wild-type TRAIL.

The DR5 Receptor Produces Apoptosis Without Additional Cross-
Linking Requirements. By using several different cancer cell lines,
receptor-selective behavior of the DR5-selective variants could also
be demonstrated in several in vitro biological assays. In cells with the
DR4 receptor as the major mediator of TRAIL-induced apoptosis
(ML-1 and EM-2 cells), DR5-selective variants were unable to
induce apoptosis even at high concentrations (200 ng�ml). These
variants could, however, induce apoptosis in cells with DR5 as the
major mediator of TRAIL-induced apoptosis (Colo205), and this
induction could be antagonized by using a neutralizing anti-DR5
antibody. The cell death-inducing activity against Colo205 cells was
comparable with wild-type TRAIL (EC50 �8.6 ng�ml) in the case
of D269H�T214R (EC50 �5.1 ng�ml) or increased �5-fold in the
case of D269H�E195R (EC50 �1.5 ng�ml). In the DR5-positive and
DR4-negative A2780 cells, the increase in cell death-inducing
activity of the DR5-selective variants was even more pronounced.
By using the various BJAB cell lines, it was confirmed that
D269H�E195R-mediated induction of cell death was dependent on
the presence of the DR5 receptor, and it was observed that the
presence of only the DR4 receptor was not sufficient to induce cell
death for this DR5-selective variant. Taken together, the in vitro
biological activity data convincingly demonstrate that differences in
receptor selectivity, as measured in the in vitro receptor-binding
assay, are both relevant and significant in the in vitro biological
context.

Both our results and results recently published in ref. 32
suggest that cross-linking TRAIL or membrane-bound TRAIL
is not an absolute prerequisite for DR5-mediated induction of
apoptosis, as was concluded by others (33, 34). A 10-fold
improvement in DR5-mediated activity of flag-tagged TRAIL
upon cross-linking was demonstrated; however, this also resulted
in toxicity in normal cynomolgus monkey hepatocytes (32). Our
soluble trimeric DR5-selective TRAIL variants are capable of
inducing DR5 receptor-mediated apoptosis at lower concentra-
tions than wild-type TRAIL, thus eliminating any requirement
for antibody-mediated cross-linking.

Designed Versus Selected Variants. Other DR5 receptor-selective
TRAIL variants were recently isolated by using phage display (32).
These variants were selected from saturation mutagenesis libraries
that were constructed on the basis of a previously performed
alanine scan (30). Remarkably, the best DR5-selective mutant
(DR5–8) contained six amino acid substitutions. The mutations we
found (e.g., D269H, E195R, and T214R) to induce DR5 selectivity
were not identified by the phage-display approach. In a partial
dissection to determine the role of each mutation in selectivity,

Kelley et al. (32) could not eliminate any of the mutations without
losing selectivity and�or biological activity. It was concluded that,
to achieve receptor selectivity, multiple amino acid substitutions
were required. However, our results clearly demonstrate that, in
case of the D269H�T214R variant, only two amino acid substitu-
tions are required to obtain complete receptor selectivity. Having
fewer mutations relative to the wild-type sequence appears favor-
able in view of a potential use of the DR5-selective variants as
anticancer therapeutics, because fewer mutations are likely to
reduce the risk of an immunogenic response.

Conclusion
This study shows that computational redesign of the receptor-
binding interface of TRAIL to obtain DR5-selective variants is
achievable. In vitro analysis demonstrates that our DR5-selective
mutants have increased affinity for DR5, whereas they do not bind
to DR4. Our DR5-selective variants show high activity toward
DR5-responsive cancer cells without the need for additional cross-
linking. Consequently, these variants are of interest for develop-
ment as a potential anticancer therapeutic. Previously, we designed
TRAIL variants with improved thermal stability by using a com-
putational redesign strategy (22). Computational protein redesign
methods are therefore a valuable addition to other protein engi-
neering methodologies, such as directed evolution or experimental
high-throughput approaches, as a tool for the improvement of
protein properties. Combining computational and experimental
screening methods is a powerful approach in protein engineering;
a preliminary computational screening of proteins helps to identify
the most important positions involved in protein–protein interac-
tions and therefore decreases the number of variants to screen.

Methods
All reagents were of analytical grade unless specified otherwise.
Recombinant TRAIL Ig receptor fusion proteins were ordered
from R & D Systems. PBS (pH 7.4) and RPMI medium 1640 were
obtained from Invitrogen. All other chemicals were from Sigma. All
buffers used in SPR, ELISA, and biological activity assays were of
physiological pH and ionic strength.

Computational Design of the Variants. Homology models of DR4,
DcR1, and DcR2 were built by using the WHAT IF (29) web interface
based on human TRAIL in complex with the DR5 ectodomain
(26). Afterward, these models were refined by using the protein
design options of FOLD-X, removing incorrect torsion angles,
eliminating van der Waals clashes, and accommodating TRAIL
and receptor residues to their new interface and to build up the
putative interactions between TRAIL and the three noncrystallized
receptors through rotamer substitution. The crystal complex struc-
ture of TRAIL with the DR5 receptor was also refined this way (see
Supporting Methods, which is published as supporting information
on the PNAS web site). A detailed description of the empirical force
field FOLD-X is available in ref. 18 and at http:��fold-x.embl-
heidelberg.de.

In addition, the modified version of FOLD-X used in this work
(20) is able to perform amino acid mutations, accommodating this
new residue and its surrounding amino acids in the following way:
It first mutates the selected position to alanine and annotates the
side-chain energies of the neighbor residues. Then it mutates this
alanine to the selected amino acid and recalculates the side-chain
energies of the same neighboring residues. Those that exhibit an
energy difference are then mutated to themselves to see whether
another rotamer will be more favorable. This feature allows for
proceeding through the whole computational design process by
using just a single force field. The method does not guarantee a
global minimum, but we have found that it is able to find the
wild-type side-chain conformations when doing side-chain recon-
struction from a polyAla backbone (F. Stricher and L. Serrano,
personal communication).
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Side-Directed Mutagenesis, Expression, and Purification of Selectivity
Mutants. cDNA corresponding to human soluble TRAIL (amino
acids 114–281) was cloned in pET15B (Novagen) by using NcoI and
BamHI restriction sites. Mutants were constructed by PCR as
described in ref. 22. Homotrimeric TRAIL proteins were purified
by using a three-step purification process as described in ref. 22.

SPR Receptor-Binding Assay. Binding experiments were performed
by using a SPR-based biosensor, Biacore 3000. Immobilization of
the DR4- and DR5-Ig receptors on the sensor surface of a Biacore
CM5 sensor chip was performed by following a standard amine-
coupling procedure according to the manufacturer’s instructions.
Receptors were coated at a level of �600–800 resonance units.
Eighty microliters of TRAIL and variants were injected 3-fold at
concentrations ranging from 250 to 0.1 nM at 70 �l�min and at 37°C
by using PBS (pH 7.4) supplemented with 0.005% vol�vol P20
(Biacore) as running and sample buffer. Binding of ligands to the
receptors was monitored in real time. Due to the very slow
dissociation of the TRAIL–receptor complex, only pre-steady state
binding data could be obtained. Furthermore, a fast initial disso-
ciation was observed directly after the end of injection, pointing at
some heterogeneity in complex formation. To obtain data that
represent proper high-affinity complex formation, the response at
each concentration was recorded 30 s after the end of the injections
(contact time, 30 s). The response data as a function of TRAIL
concentration were fitted by using a four-parameter equation to
give an apparent affinity constant. Between injections, the recep-
tor�sensor surface was regenerated by using 3 M sodium acetate
(pH 5.2) injections. DcR1-, DcR2-, and OPG-Ig were captured by
using a protein A-modified (Sigma) CM5 sensor chip, and the
protein A sensor surface was regenerated by using 0.5 M glycine
(pH 2). For the prescreening assay, 1:50 diluted clarified Escherichia
coli BL21 extracts were injected at 50 �l�min (see Supporting
Methods).

Biological Activity. Cell lines and treatment. Colo205 colon cancer
cells, A2780 ovarium cancer cells, ML-1 myeloid leukemia cells,

and the BJAB cell lines were maintained in RPMI medium 1640,
10% FCS�1% penicillin�1% streptomycin, in a humidified in-
cubator at 37°C in a 5% CO2 environment. In the medium of
BJAB

DR5 DEF
�DR5 cells, puromycin (Sigma) was added to a final

concentration of 1 �g�ml. TRAIL receptor inhibitors (neutral-
izing antibodies) were always added 1 h before TRAIL addition.
Annexin V staining. The Colo205 and ML-1 cells were seeded the day
before the experiment at 105 cells per ml in 24-well plates (1 ml per
well), and were treated with 1 �g�ml anti-DR4- and�or anti-DR5-
neutralizing antibodies for 1 h. Wild-type TRAIL, D269H, D269H�
E195R, or D269H�T214R (100 ng�ml) was added to the cells and
incubated for 2 h and 30 min. After treatment, the cells were
harvested by scraping them gently off the wells and then spinning
them down. Control or treated Colo205 and ML-1 cells were
harvested and collected by centrifugation, washed once in Annexin
V incubation buffer, and resuspended in 400 �l of fresh incubation
buffer. One microliter of Annexin V was added to the samples,
incubated at room temperature for 10 min, and immediately
measured on a FACSCalibur flow cytometer (Becton Dickinson).
Results were expressed as a percent of Annexin V-positive cells.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) as-
say. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
assay was performed as described in ref. 22. BJAB cell lines were
incubated with 1, 10, or 100 ng�ml TRAIL or D269H�E195R in the
presence of 0.33 �g�ml cycloheximide (Sigma). For the EC50
determination, Colo205 cells were treated with serial dilutions
(0–25 ng�ml) of TRAIL or mutants, and cytotoxicity was deter-
mined as described in ref. 22. EC50 values were calculated by using
a four-parameter fit.
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